In this paper we discuss silicon-based photonic integrated circuit technology for applications beyond the telecommunication wavelength range. Silicon-on-insulator and germanium-on-silicon passive waveguide circuits are described, as well as the integration of III-V semiconductors, IV-VI colloidal nanoparticle films and GeSn alloys on these circuits for increasing the functionality. The strong nonlinearity of silicon combined with the low nonlinear absorption in the mid-infrared is exploited to generate picosecond pulse based supercontinuum sources and optical parametric oscillators that can be used as spectroscopic sensor sources.
INTRODUCTION
Silicon photonics is emerging as a compelling platform for optical interconnect and telecommunication applications, mainly driven by the scalability of the CMOS manufacturing technology, resulting in low-cost, high-volume and fairly complex photonic integrated circuits [1] . Besides using silicon photonics for optical communication, there is also a lot of interest in implementing sensing functions on a silicon chip. Nowadays, these systems rely on the chemical functionalization of silicon resonators, which upon binding with the molecule of interest, results in a resonance wavelength shift that can be detected [2] . While the sensitivity of such a sensor is mostly determined by the optical design of the cavity, the selectivity of the sensor is completely determined by the functionalization chemistry, which tends to degrade over time and needs to be redeveloped for every molecule of interest. Therefore, sensors that detect intrinsic properties of molecules, such as their fingerprint absorption spectrum, integrated on a silicon photonic circuit would allow for a new class of highly selective and sensitive devices. Since absorption spectra of small molecules are strongest in the mid-infrared wavelength range, mid-infrared silicon photonic circuit technology could make an important impact in this field [3] . In this paper we will describe our work in the field of heterogeneous silicon photonic integrated circuits for the mid-infrared. Silicon-on-insulator and germanium-on-silicon passive waveguide circuits are described, as well as the integration of III-V semiconductors, IV-VI colloidal nanoparticle films and GeSn alloys on these circuits for increasing the functionality. The strong nonlinearity of silicon combined with the low nonlinear absorption in the mid-infrared is exploited to generate picosecond pulse based supercontinuum sources and optical parametric oscillators that can be used as spectroscopic sensor sources.
MID-IR PASSIVE WAVEGUIDE TECHNOLOGY
There are many approaches to realize mid-infrared photonic integrated circuits based on silicon technology. The most straightforward approach is to use silicon-on-insulator waveguide structures, since this is also the platform for telecommunication applications. Without changing anything to the platform we were able to demonstrate silicon-oninsulator low loss waveguides (0.5 dB/cm in the 2-2.5 μm wavelength range) [4] and spectrometers operating in the Grating Curve short-wave infrared (2-2.5 μm) and the mid-infrared (around 3.8 μm) [5] . Spectrometers based on echelle gratings and arrayed waveguide gratings were demonstrated, as shown in Figure 1 . Moving beyond the 4 μm wavelength range, silicon-on-insulator waveguide structures can no longer be used, due to the strong absorption of SiO 2 . There are different solutions to realize high index contrast waveguide structures based on silicon for this wavelength range: free-standing silicon waveguide structures [6] , silicon-on-sapphire waveguide structures [7] , silicon-on-nitride waveguides [8] or all-silicon waveguides [9] . The approach that we took was to use germanium-on-silicon waveguide structures for the mid-infrared [10] . Despite the large lattice mismatch between Ge and Si, the epitaxial growth of germanium on silicon is well mastered in a CMOS fab and allows micrometer thick films with low threading dislocation density on 200 mm or 300 mm wafers. Using such a waveguide platform low-loss waveguides and integrated spectrometer circuits were demonstrated, as shown in Figure 2 [11, 12] . Wavelength (nm)
HETEROGENEOUS INTEGRATION FOR ADVANCED MID-IR PICS
While a silicon-based waveguide platform is interesting from the point of view of manufacturability, it lacks the required integrated laser sources and photodetectors for the mid-infrared wavelength range. These components need to be added in a heterogeneous way in order to complete the toolkit for mid-infrared photonic integrated circuits. For the laser source integration we focus on the use of GaSb-based laser diodes operating in the 2-2.5 μm wavelength range. The integration is based on a III-V to silicon bonding process using DVS-BCB, a commercially available polymer, as the bonding agent. This technology was originally developed for the integration of InP-based laser sources on silicon photonic circuits [13] , but was ported to the GaSb platform. The absorption of DVS-BCB is reasonably low in this wavelength range. Similar to InP on Si lasers, there is a large design freedom in the laser architecture and how to couple light between the III-V and silicon layer. In this work we focus on hybrid lasers, which require the least demanding III-V processing technology. In these devices the optical mode is mainly confined in the silicon waveguide core and the evanescent tail of the mode feels the gain in the InGaAsSb quantum wells, as shown in Figure 3(b) . This first generation device lases in pulsed operation at room temperature at 2.4 μm wavelength.
Figure 3: (a) Schematic of the hybrid GaSb on silicon laser and the device mode profile; (b) SEM cross-section of the fabricated device.
On the detector side, there are many options that can be explored, depending on the required wavelength range, required sensitivity and cost. Similar to the laser, GaSb-based photodetectors can be used for the 2-4 μm wavelength range. Using the same bonding technology as for the laser, arrays of GaSb photodetectors were integrated on silicon spectrometers as to cover 1.5 -2.3 μm, a wavelength range that covers overtones of many important biomolecules and where water absorption is still fairly low. Figure 4 shows a microscope picture of the fabricated spectrometer chip and the performance of the integrated system [14, 15] . Next to GaSb-based devices, which are very well suited for high-sensitivity detection in the mid-infrared, alternative technologies are being explored, which aim at lower-cost (but perhaps lower-sensitivity) systems. One approach is based on the use of colloidal IV-VI semiconductor quantum dots such as PbS, PbSe and HgTe to realize integrated midinfrared photoconductors. These nanoparticles are synthesized in a chemical solution, thereby avoiding costly epitaxial growth of the materials. Since the dots are in solution, they can easily be applied by spincoating or dropcasting, or in a more advanced way, by using inkjet printing. The as-formed films on silicon are non-conductive, due to the long organic ligands that surround the dots (which prevents them from clustering in solution). A ligand exchange procedure was developed to replace these long organic ligands by short inorganic ones, rendering the film photoconductive. Due to the high internal gain in the photoconductor, responsivities of over 200 A/W were measured under surface normal operation, as shown in Figure 5 . Using PbS dots a cut-off wavelength up to 2.5 μm has been obtained so far, while using HgTe dots we have demonstrated operation up to 3 μm wavelength [16] . Eventually, a monolithic approach towards integrating a laser source and photodetector on a silicon waveguide circuit will lead to the lowest cost and the largest degree of integration. In Group IV photonics this can potentially be realized using GeSn epitaxial growth on Ge buffer layers. Adding Sn to the Ge matrix reduces the bandgap and the energy difference between the Γ and L-valley, which are two attractive features for laser emission in the short-wave infrared [17] . As a starting point, we evaluated the performance of GeSn-based photoconductors operating in the short-wave infrared. The responsivity versus wavelength for the different device structures is shown in Figure 5 (a). The absorbing region consisted of N Ge 0.91 Sn 0.09 quantum wells (N=0..3) surrounded by Ge. Clearly, adding the GeSn to the stack extends the cutoff wavelength to 2.4 μm, compared to the 1.7 μm cut-off wavelength of Ge [18] . Since Ge is transparent in this wavelength range, low loss waveguides can be implemented in the Ge/GeSn on Si platform, as shown in Figure  6 (b). 
MID-IR NONLINEAR OPTICS
Since silicon-based high contrast waveguide structures can tightly confine mid-infrared light and have low propagation losses, one can envision using these devices for nonlinear optical devices, especially since the Kerr nonlinearity of both Si and Ge is high in the mid-infrared and parasitic two-photon absorption disappears by moving to longer wavelength. This was exploited in silicon-on-insulator waveguides to obtain a 1.5-2.5 μm supercontinuum source [19] as shown in Figure 7 . Besides supercontinuum sources, other devices have been realized such as a fiber-loop based silicon photonics optical parametric oscillator, which is tunable by changing the delay in the fiber loop [20] . This demonstrates that silicon nonlinear devices in the mid-infrared enable the realization of integrated light sources for mid-IR spectroscopy. 
